The present study aimed to investigate the effect of and mechanism underlying interleukin (IL)-17 on human retinal vascular endothelial cell (HREC) capillary tube formation in vitro. The expression of IL-17 receptor (IL-17R) in human HRECs was quantified using reverse transcriptase-polymerase chain reaction (RT-PCR) and western blot analyses. The roles of IL-17 in HREC migration and capillary tube formation were detected using a wound scratching assay and three-dimensional Matrigel assay, respectively, in vitro.
Introduction
Retinal and choroidal vascular diseases can be divided into two groups: Subretinal neovascularization (NV), in which new blood vessels penetrate the outer retina and subretinal space (usually avascular), and retinal vascular diseases, in which the retinal vessels undergo neovascularization or leakage (1) . In the retina, new vessels branching off from existing vessels can initially enter the retina. These cases are termed intraretinal microvascular abnormalities (IRMAs) (2) . Unlike normal retinal vessels, NV and IRMAs have few tight junctions, and leak plasma into the vitreous gel and surrounding tissue (3) . This causes the vitreous gel to contract, degenerate and eventually collapse, which puts pressure on the retina (1) . Vitreous hemorrhage and even intact NV may cause the retina to detach. Traction retinal detachment can involve the macula, which drives and directs vision, causing severe visual loss (4) .
The pathogenesis of these vascular diseases have been shown to be associated with hypoxia, chronic inflammation, high levels of angiogenic factors, including stromal cell-derived factor 1-α, vascular endothelial growth factor (VEGF), and platelet-derived growth factor subunit B (5) . In addition, inflammation is reported to contribute substantially to several vascular events, including the development and rupture of atherosclerotic plaques, angiogenesis, ischemia/reperfusion damage, and formation of aortic aneurysms (6) . The infiltration of inflammatory cells into the vascular tissues causes the release of proteases, reactive oxygen species and cytokines, and triggers vasoconstriction/vasodilation (7) , thrombus formation (8, 9) , neointimal growth (10, 11) , tissue remodeling and angiogenesis (11, 12) .
The interleukin (IL)-17 cytokine family contains six members (IL-17A-F) and at least five receptors (IL-17RA-E), as reported by Moseley et al (13) . IL-17, a known pro-inflammatory cytokine exerts several biologic activities, including the induction of prostaglandin E2 (PGE2), IL-6 and IL-8. It also increases the expression of intercellular adhesion molecule (ICAM)-1 in keratinocytes and fibroblasts (14) (15) (16) (17) , and stimulates the secretion of IL-1β, stromelysin and tumor necrosis factor (TNF)-α by macrophages (18) . IL-17 receptor (IL-17R) is a type 1 transmembrane protein. It has an unusually long intracellular domain (19) . Although the intracellular signaling pathway and pro-inflammatory function of IL-17 are visibly similar to those of Toll and IL-1, IL-17R shares no homology with other receptor sequences, thus IL-17, homologous proteins and their viral homologues can be considered a novel cytokine family (20) .
Previously, it was reported that IL-17 contributes to tumor angiogenesis by causing the proliferation and migration of these vascular endothelial cells into tissues (21) . However, the role of IL-17 in the mediation of retinal neovascularization following severe injury remains to be elucidated. The aim of the present study was to investigate the role of IL-17 in angiogenesis by assessing the effects of IL-17 during different stages of neovascularization, including the proliferation, migration and tube formation of human retinal endothelial cells (HRECs). Cell culture and treatment of HRECs. As described in detail previously (22) , the HRECs were cultured at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 with DMEM medium containing 10% fetal bovine serum. The cells were passaged by trypsinization and reseeded at a 1:3 dilution. The HRECs were split at ~90% confluence and culture media were replaced every 2-3 days.
Materials and methods

Reagents
The HRECs were divided into several groups, as follows: Control group; IL-17 groups, to which specific concentrations of 10, 50, 100, 200, 500 ng/ml of recombinant human IL-17 protein (25 µg; cat. no. NBP2-35040; Novus Biologicals) were added; and IL-17 antibodies (Abs) groups, to which IL-17 protein (500 ng/ml) was combined with neutralizing anti-human IL-17 antibody (0.5 mg/ml, at a 1:1,100 dilution; cat. no. NBP2-27338; Novus Biologicals). The HRECs were split at ~90% confluence and subcultured in either 6-well or 96-well plates and incubated at 37˚C with the protein and the antibody for either 12 h or 24 h depending on the assay conditions. Tube formation assay. A morphogenesis assay was performed on Matrigel for assessment of the effect of IL-17 on the HRECs. The assay was performed according to the procedure described in detail previously (23) . The Matrigel was placed overnight in a 4˚C refrigerator to thaw. Subsequently 60 µl of Matrigel was immediately placed onto a pre-cooled 96-well plate, which was placed for 30 min in a humidified CO 2 incubator at 37˚C for Matrigel to solidify. The HRECs, following culture in different media in the presence or absence of IL-17, were immediately seeded onto the solid Matrigel at a density of 1.5x10 4 cells per well. These plates were then placed at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 for 12 h to allow the capillary-like structures to form. Angiogenesis, the formation of capillary tubes, was assessed following 12 h of cultivation. The tube-like capillary structures were examined under an Olympus TMS inverted phase contrast microscope (Olympus Corporation, Tokyo, Japan). The micrographs were captured using an Olympus digital camera.
Cell migration assay. As described in detail previously (23), wound scratch assays were performed to assess the effects of IL-17 on the migration of HRECs. This type of assay is inexpensive and simple, and the experimental conditions can be modified as required. After 24 h, the cells were seeded into 6-well plates at a density of 2.5x10 5 cells/well reaching 70-80% confluence in a monolayer. The monolayer was slowly and gently scratched perpendicularly with an unused 1 ml pipette tip across the center of the well. The gap was equal to the outer diameter of the end of the micropipette tip. Following the scratch induction, the wells were washed with medium twice gently to remove any detached cells. Fresh medium was then added to the wells. In the experimental wells, the cells were treated with human recombinant IL-17 protein or IL-17 Abs, whereas the control wells were treated with PBS. The cells were grown at 37˚C for 48 h, during which images were captured under an Olympus TMS inverted phase contrast microscope (Olympus Corporation, Tokyo, Japan) at 0, 12, 24 and 48 h. The length of the gap was evaluated quantitatively using ImageJ software version 2.1.4.7 (http://rsb.info.nih. gov/ij/download.html). Each assessment of each experimental group was repeated several times.
Cell proliferation assay. As described in detail previously (24), cell proliferation was analyzed using a CCK-8 assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan). This kit measures the metabolic activity of dehydrogenases using a tetrazolium salt. When dehydrogenases are present, the tetrazolium salt produces a water-soluble, yellow formazan. The quantity of formazan produced is proportional to the number of living cells. It was measured using a thermo multi-scan EX plate reader (Thermo Multiskan EX plate reader; Thermo Fisher Scientific, Inc., Waltham, MA, USA) The absorbance was measured 24 h following attachment of the HRECs to the plate and stimulation with IL-17 protein or anti-IL-17 neutralizing antibody. The inhibition rate (IR) of the proliferation of cells in the groups were compared with the control groups.
Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis. RT-PCR analysis was performed as described in detail previously (25) . Total RNAs were extracted from the HRECs using an RNeasy Mini kit (Qiagen, Inc.). The RNA preparations were then treated with ribonuclease-free deoxyribonuclease I (Thermo Fisher Scientific, Inc.) to remove genomic DNA. Subsequently, 2 µg of total RNA was reverse-transcribed at 42˚C for 1 h in a 20 µl reaction mixture with hexanucleotide random primers and mouse moloney leukemia virus reverse transcriptase (Qiagen, Inc.). Subsequently, serial 4-fold dilution of cDNA was amplified for GAPDH (Table I ) and the level of transcribed cDNA was estimated. Equal quantities of 2 µl of the cDNA products, 2.5 µl of buffer, 1 µl of forward primer and 1 µl of reverse primer (20 µM/ml; GeneScript, Nanjing, China), 2 µl of dNTP Mixture and 0.125 µl of TaKaRa Taq M (5 U/µ, cat. no. DR100A; TaKaRa Bio, Inc., Kusatsu, Japan) in a final volume of 25 µl were then amplified for identification of the target genes. Amplification was performed using a GeneAmp ® PCR System 9700 (Perkin-Elmer, Foster City, CA, USA) as follows: Denaturation at 94˚C for 2 min, and the necessary number of cycles of 94˚C for 30 sec, 55-58˚C for 35 sec, 72˚C for 35 sec, and a final extension step at 72˚C for 10 min (Table I) . These PCR products were fractionated on a 1.0% agarose gel and visualized using ethidium bromide. The intensities of the bands were determined and their ratios to GAPDH determined using ImageJ version 2.1.4.7.
Western blot analysis. As described in detail previously (22) , the HRECs were split at 90% confluence, and were cultured at 37˚C in a humidified atmosphere of 95% air and 5% CO 2 in media, with or without IL-17 or IL-17 Abs, for 24 h. After 24 h, the cells were harvested using 0.25% Trypsin-EDTA, washed three times with cold PBS, and centrifuged at 4˚C for 5 min at 1,200 x g. The supernatant was discarded and lysed in 150 ml lysis buffer (10 mM KCl, 20 mM imidazole HCl, 10 mM EGTA, 1 mM MgCl 2 , 10 mM NaF, 1% Triton, 1 mM EDTA and 1 mM sodium molybdate) at pH 6.8, to which a protease inhibitor cocktail was added (Boehringer Mannheim, Indianapolis, IN, USA) and then sonicated. The lysate was centrifuged at 4˚C at 9,600 x g for 15 min. The samples, quantified using NanoDrop 2000UV-Vis spectrophotometer (20 µg/each lane; Thermo Fisher Scientific, Inc.) were boiled for 5 min and separated using 12.5% SDS-polyacrylamide gel electrophoresis under denaturing conditions. It was then electroblotted onto a polyvinylidene difluoride membrane (Bio-Rad Laboratories, Inc., Hercules, CA, USA). These membranes were then blocked with PBS/5% nonfat dry milk for nonspecific binding. Finally, thee membranes were incubated at room temperature (RT) for 1 h with the following antibodies: Anti-VEGF (cat. no. sc-152; 1:200 dilution; Santa Cruz Biotechnology, Inc.), anti-IL-6 (cat. no. sc-7920; 1:200 dilution; Santa Cruz Biotechnology, Inc.), anti-IL-8 (cat. no. sc-7922; 1:200 dilution; Santa Cruz Biotechnology, Inc.), anti-ICAM (cat. no. sc-7891; 1:200 dilution; Santa Cruz Biotechnology, Inc.) and anti-PIK3 (cat. no. 611399; 1:500 dilution; BD Biosciences) antibodies. The immunoblot assays were then washed with PBST and incubated at room temperature for 1 h with a horseradish peroxidase-labeled secondary antibody (cat. no. RPN4301 or RPN4201; at a 1:5,000 dilution; Amersham; GE Healthcare Life Sciences, Chalfont, UK). Enhanced chemiluminescence was used to visualize the blots (ECL Plus; Amersham; GE Healthcare Life Sciences) according to the manufacturer's protocol. The intensities of the protein bands were determined and their ratios to GAPDH using ImageJ software, version 2.1.4.7.
Statistical analysis. All data are expressed as the mean ± standard error of the mean. Data were analyzed statistically as described in detail previously (26) , using one-way analysis of variance or two-tailed Student's t-test with statistical software (SPSS 18.0; SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Expression of IL-17R in HRECs. The mRNA and protein expression levels of IL-17R were detected in the HRECs. The observation of the expression of IL-17R in the HRECs suggested the possible involvement of IL-17/IL-17R interactions in the biological function of the HRECs (Fig. 1) .
Effects of IL-17 on tube formation of HRECs.
To determine whether IL-17 was involved in the process of tube formation of HRECs, the HREC cells were grown in 96-well plates coated with Matrigel. Following 12 h of incubation, the cells formed tubes, which showed that the HREC cells incubated with IL-17 exhibited increased tube formation, compared with cells in the control (Fig. 2) . Tube formation was quantified, and the results of the statistical analysis indicated that IL-17 promoted tube formation.
Effects of IL-17 on the proliferation of HRECs.
To evaluate the effects of IL-17 on the biological function of the HRECs, the role of IL-17 in HREC proliferation was examined in vitro.
In the presence of IL-17 or anti-IL-17 antibody, the HRECs were incubated for 24 h, following which cell viability was examined. The proliferation rates of HRECs incubated with IL-17 were higher, compared with that of cells in the control, whereas the HRECs incubated with anti-human IL-17 Abs following preconditioning with IL-17 protein exhibited a significant reduction in cell proliferation, compared with the 100 or 500 IL-17 groups (Fig. 3) . The quantification of optical density (OD) values and statistical analysis of IR demonstrated that IL-17 had the ability to promote cell proliferation, however, the anti-IL-17 antibody prevented this promotion. These data suggested that the enhancement in the proliferation of HRECs following IL-17 treatment was responsible for the effect of IL-17 on the promotion of HREC tube formation in vitro.
Effects of IL-17 on cell migration. The effects of IL-17 on HREC migration have not been reported previously. To evaluate whether IL-17 affected the process of HREC migration, an in vitro scratch wound assay was performed to evaluate the migration ability of HRECs under different concentrations of IL-17 or IL-17 antibody. As shown in Fig. 4A , compared with the control group, wound closure was significantly accelerated in the group treated with IL-17, and the wound was almost closed at 24 h post-injury. However, in the IL-17 antibody-treated group, the wound area remained wide following preconditioning with IL-17 protein at 24 h. The migration distance of HRECs was quantified, as shown in Fig. 4B . These data showed that IL-17 effectively promoted the migration ability of HRECs.
Enhanced expression of angiogenic factors and PI3K molecules
in IL-17-treated HRECs. In various situations, the outcome of angiogenic processes is determined by the balance between anti-angiogenic and angiogenic factors (27) . In the present study, the gene and protein expression of angiogenic factors in HRECs were detected. Among the angiogenic-associated factors, including VEGF, IL-8, IL-6, IL-1β and ICAM-1, which were detected, the gene expression levels of VEGF, IL-6, IL-8 and ICAM-1 were higher in the IL-17 treated cells, compared with those in the control groups (Fig. 5) . Western blot analysis of the protein expression of VEGF, ICAM-1, IL-6 and IL-8 revealed that VEGF, ICAM-1, IL-6 and IL-8 were also increased following treatment with IL-17, compared with the vehicle-treatment cells (Fig. 6) . These results indicated that IL-17 may promote HREC tube formation, migration and proliferation via promoting angiogenesis by enhancing the expression of the angiogenic factors, including VEGF, ICAM-1, IL-6 and IL-8.
The expression of PI3K in HRECs was also examined in the present study. The activation of PI3K is an integral component of the VEGF signaling pathway and promotes endothelial migration (28) . The present study aimed to determine whether IL-17 affected cell migration through the activation of PI3K in HRECs. It was found that the expression of PI3K was increased in the IL-17-treated mice (Fig. 7) . This result suggested that IL-17 induced the activation of PI3K via the expression of VEGF. The detection of PI3K confirmed that PI3K was activated in the cells depending on the expression of VEGF, which was attributed to the regulation of IL-17.
Discussion
To the best of our knowledge, results on the role of IL-17 in angiogenesis remain contradictory. In mice, tumor growth and lung metastasis were reported to be increased in IL-17-deficient mice (29) , suggesting that IL-17 inhibited tumor development and neovascularization. However, there is also evidence demonstrating that IL-17 promotes the production of pro-angiogenic factors, including nitric oxide, hepatocyte growth factor (HGF), chemokine (C-X-C motif) ligand (CXCL1)/KC, CXCL2/MIP-2, PGE1, PGE2 and VEGF by rheumatoid arthritis synovial fibroblasts, and the production of a number of these factors is further enhanced by TNF-α (30) . Of note, there are data revealing that IL-17 alone is unable to induce angiogenesis, but can indirectly mediate human microvascular endothelial cell growth by promoting the mitogenic activity of HGF, basic fibroblast growth factor (bFGF) and VEGF (31, 32) . However, the effects of IL-17 on ocular neovascularization require further investigation. The present study examined HRECs and found that the IL-17R gene and protein were expressed in HRECs, and that the stimulation of recombinant human IL-17 protein had significant capillary tube formation-promoting effects. It is reasonable to suggest that IL-17 had the potential to promote the capillary tube formation of HRECs in vitro.
As is already known, angiogenic factors, including bFGF and VEGF, have potent efficacy in stimulating blood vessel formation (33) . The process of angiogenesis is tightly regulated by a series of pro-and anti-angiogenic molecules in normal physiology, and disruption of this balance can cause serious consequences, including neovascularization (34) . These factors are exacerbated by various cells, including fibroblasts, macrophages and neutrophils, and by vascular endothelial cells themselves (35) . In the present study, the gene and protein expression levels of ICAM-1, IL-1β, IL-6, IL-8 and VEGF were detected in HRECs. It was found that the expression levels of ICAM-1, IL-6, IL-8 and VEGF in the IL-17-treated cells were significantly upregulated. This indicated that IL-17 may be involved in the process of angiogenesis by skewing the balance towards pro-angiogenesis, and thereby causing NV (36, 37) .
The angiogenic cascade is a complex and multi-step process, with endothelial cell migration and proliferation as the initial step in angiogenesis, followed by endothelial cell differentiation into a capillary-like network (38) . In the present study, it was found that IL-17 had the ability to promote HREC migration and proliferation in a dose-dependent manner. Compared with the recombinant human IL-17 protein-treated groups, treatment with IL-17 combined with neutralizing anti-human IL-17 Abs suppressed the migration and proliferation of HRECs. These results are consistent with those of a previous report (39) , suggesting that IL-17 exerted angiogenic effects on HRECs.
To further examine the mechanisms underlying the IL-17-induced mediation of HREC capillary tube formation, the role of IL-17 on the signal expression of PI3K/Akt was evaluated. The process of angiogenesis is associated with several signaling pathways. The activation of PI3K/Akt in endothelial cells is a crucial intracellular signaling step for angiogenesis (40) . Several growth factors, including bFGF and VEGF, induce angiogenesis through the activation of these kinases (41, 42) . In the present study, it was found that IL-17 promoted the expression of active phosphorylated PI3K (43) . This suggested that IL-17 had a pro-angiogenic effect via regulating the expression of VEGF through the activation of PI3K/Akt.
In conclusion, the present study demonstrated a novel biologic function for IL-17 on HRECs. It promoted HREC capillary tube formation by promoting cell proliferation and migration. These effects may have occurred through enhancing the expression of cytokines, including VEGF and ICAM-1, and inducing the production of several pro-angiogenic factors, leading to an imbalance between the activators and inhibitors of angiogenesis present within the vascular microenvironment. These findings indicate the potential of the effect of IL-17 on angiogenesis, which may assist in future clinical treatment. 
